University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Dissertations & Theses in Natural Resources

Natural Resources, School of

12-2011

Ecophysiological Responses of Herbaceous Plants to the
Presence or Absence of Amorpha canescens in a Nebraska
Sandhills Grassland
Jessica L. Milby
University of Nebraska-Lincoln, jess.milby@gmail.com

Follow this and additional works at: https://digitalcommons.unl.edu/natresdiss
Part of the Natural Resources and Conservation Commons

Milby, Jessica L., "Ecophysiological Responses of Herbaceous Plants to the Presence or Absence of
Amorpha canescens in a Nebraska Sandhills Grassland" (2011). Dissertations & Theses in Natural
Resources. 40.
https://digitalcommons.unl.edu/natresdiss/40

This Article is brought to you for free and open access by the Natural Resources, School of at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations & Theses in
Natural Resources by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

ECOPHYSIOLOGICAL RESPONSES OF HERBACEOUS PLANTS TO THE
PRESENCE OR ABSENCE OF AMORPHA CANESCENS IN A NEBRASKA
SANDHILLS GRASSLAND

by

Jessica L. Milby

A THESIS

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements
For the Degree of Master of Science

Major: Natural Resource Sciences

Under the Supervision of Professor Tala Awada and Professor Walter Schacht

Lincoln, Nebraska

December, 2011

ECOPHYSIOLOGICAL RESPONSES OF HERBACEOUS PLANTS TO THE
PRESENCE OR ABSENCE OF AMORPHA CANESCENS IN A NEBRASKA
SANDHILLS GRASSLAND
Jessica L. Milby, M.S.
University of Nebraska, 2011
Advisers: Tala Awada and Walter Schacht
Deeply-rooted shrubs are a common component of grasslands. This study
investigated the ecophysiological role of Amorpha canescens, a common leguminous
shrub, in Sandhills grassland, and response of herbaceous plants to the presence or
absence of A. canescens. Two sites were selected for the study at the Gudmundsen
Sandhills Laboratory near Whitman, Nebraska – one with A. canescens (G-L) and one
without (G-NL) A. canescens. Plant canopy cover and aboveground biomass were
characterized on both sites in June and August 2010. Seasonal trends in net
photosynthesis (A), stomatal conductance (gs), transpiration (E), water use efficiency
(WUE), and predawn (Ψpre) and midday (Ψmid) water potentials of A. canescens and five
representative herbaceous species were determined at 2-week intervals between June and
September. The herbaceous species included two C3 grasses (Hesperostipa comata and
Koeleria macrantha), two C4 grasses (Andropogon hallii and Calamovilfa longifolia),
and one forb (Helianthus pauciflorus). Differences in rates of A, gs, and WUE were
species dependent and were not impacted by the presence of A. canescens. Net
photosynthesis exhibited seasonal variability, increasing through the early growing
season and peaking by midsummer. H. pauciflorus had the highest rates of A, E, and gs;

and C4 grasses had the greatest WUE. Significant site impact (G-L vs. G-NL) was only
observed in E, which was likely related to higher soil water content in the G-L site. There
were differences in Ψpre and Ψmid among sampling dates and species, but not between
sites. The C3 grasses exhibited the lowest (most negative) Ψpre and Ψmid. Soil nitrogen
content was significantly greater on the G-L site, leading to higher photosynthetic
nitrogen use efficiency (PNUE) on the G-NL site, but lower plant leaf quality. A.
canescens presence had positive impacts on soil and associated plants’ nitrogen content
and soil water content, but did not have consistent effects on water status or gas exchange
of associated herbaceous plants. Ecological significance of the results is discussed.
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Introduction
Grasslands cover about 125 million hectares in the United States. Although
grasslands are dominated by herbaceous plants, shrubs are a common and have critical
roles in these grass-dominated ecosystems. Shrubs add diversity to vegetation structure in
terms of height and component density (West 1989). Litter accumulates under shrub
canopies, and soil nutrients and organic matter have been found to be consistently greater
under shrubs than in open spaces in arid and semi-arid environments (Garcia-Moya and
McKell 1970, Pugnaire et al. 1996a). Flora and fauna are commonly concentrated under
these shrub canopies because of the high concentration of resources (Vetaas 1992),
creating “fertile islands” that are points of high biological activity in heterogeneous
landscapes (Noy-Meir 1980). In many cases, the canopy dissipates raindrop energy and
stem flow funnels precipitation to the stem bases, thus increasing infiltration (West
1989). Redistribution of water by shrubs in grasslands also has been reported. For
example, big sagebrush (Artemisia tridentata) uses hydraulic lift, a process in which
water from deeper in the soil profile is released to the drier upper profile (Richards and
Caldwell 1987), where it is available for use by other plants. The majority of shrub
interactions in grasslands are beneficial and growth of plants may be enhanced by higher
soil fertility, microclimate amelioration, and higher water availability under the canopy of
some shrubs (Moro et al. 1997); however, shrubs also are competitors for resources
including nutrients, light and water.
The Sandhills of north central Nebraska are considered a mixed grass prairie and,
although they contain C3, C4, and CAM species, they are dominated by C4 grasses (Kaul
1998). The sandy soils allow for rapid infiltration of precipitation, minimizing runoff and

2

providing adequate growing conditions for grasses (Burzlaff 1962). Leadplant (Amorpha
canescens), a native leguminous shrub, is common throughout the Sandhills, especially
on north-facing slopes (Schacht et al. 2000). It has high livestock and wildlife forage
value and is an indicator of high range condition; however, its role in the ecosystem and
effect on surrounding plant species is unknown.
Shrubs have been studied extensively in several ecosystems, but research on
shrubs in the Sandhills is limited. The goal of this study is to explore the role of A.
canescens in the Sandhills prairie and, more specifically, to determine how the
morphological and ecophysiological traits of surrounding herbaceous species are
impacted by the presence or absence of A. canescens. I hypothesized that photosynthetic
rates and other ecophysiological traits of herbaceous plants would be favored by the
presence of A. canescens in plant communities because of A. canescens’ positive
influence on nutrient and water availability. With this, botanical composition and plant
productivity of plant communities with or without A. canescens would differ.
Literature Review
Sandhills Ecology
Grassland Ecosystems
Grasslands cover 125 million hectares in the United States. A large portion of
these grasslands are found in the Great Plains, which include all or parts of 13 states (i.e.,
IA, MN, MO, ND, SD, NE, KS, OK, TX, NM, CO, WY, and MT), including the
Nebraska Sandhills (Stubbendieck et al. 2003). The Great Plains region is comprised of a
number of different prairie types. Tallgrass prairies, characterized by the presence of tall
grasses (>1 m in height) such as big bluestem (Andropogon gerardii Vitman), indiangrass
(Sorghastrum nutans (L.) Nash), and switchgrass (Panicum virgatum L.), historically

3

occupied the eastern parts the Great Plains, while only remnants of this ecosystem remain
today. Shortgrass prairies, found in the western part of the Great Plains, are dominated by
grasses (<0.3 m in height) such as buffalograss (Buchloe dactyloides (Nutt.) J.T.
Columbus), blue grama (Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths), and
western wheatgrass (Pascopyrum smithii (Rydb.) A. Löve). The mixed grass prairies are
positioned between the shortgrass and tallgrass prairies and, as the name implies, the
vegetation is a mixture of short, tall, and mid grasses (0.3 m to 1 m in height) including
little bluestem (Schizachyrium scoparium (Michx.) Nash) and prairie junegrass (Koeleria
macrantha (Ledeb.) Schult). The grasslands of Nebraska’s Sandhills fall within this
category.
Location, Topography, and Climate of the Nebraska Sandhills
The Sandhills, located in north central Nebraska, cover 50,000 km2 and are the
largest stabilized sand dune formation in the Western Hemisphere. The dunes are mostly
linear and tend to have west to east orientation; with larger dunes concentrated in the
west (Swinehart 1989). The landscape is dominated by these dune formations. Ninety
percent of the land area is covered with dunes and is referred to as upland prairie. A wide
variety of habitats from xeric dunetops to wetlands are present (Schacht et al. 2000).
Precipitation in the Sandhills ranges from 430 mm in the west to 585 mm in the
east. Approximately 75% of the average annual precipitation falls during the growing
season from April through September. Winter precipitation (October through March) is
usually in the form of snow. The average annual snowfall accumulation ranges from 55115 mm. As the snow melts, the resulting water increases the soil moisture leading to a
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possible rise in the water table. This soil moisture serves as an important source of water
for plant growth early in the growing season (Wilhite and Hubbard 1998).
Similar to precipitation, temperature varies along a longitudinal gradient moving
from east to west, with warmer temperatures in the east and cooler temperatures in the
west. Average annual temperature for the entire Sandhills region is 9 °C. Mean
temperature in the summer is around 21 °C, while the temperature in winter months
averages 0 °C (Wilhite and Hubbard 1998).
Botanical Composition
Nebraska is home to all three prairie types as well as Sandhills prairie. The
Sandhills are comprised of tall grasses such as prairie sandreed (Calamovilfa longifolia
(Hook.) Scribn.) and sand bluestem (Andropogon hallii Hack.), mid grasses including
needleandthread (Hesperostipa comata (Trin. and Rupr.) Barkworth) and sand dropseed
(Sporobolus cryptandrus (Torr.) A. Gray), as well as short grasses Scribner’s panicum
(Dichanthelium oligosanthes (Schult.) Gould var. scribnerianum (Nash) Gould), blue
grama (B. gracilis) and hairy grama (Bouteloua hirsuta Lag.), and sedges (Carex spp.).
Vegetation of the Sandhills has been described as a mixture of plant species from
other prairie types including the tallgrass and shortgrass prairies (Kaul 1998). The region
is dominated by C4 grass species, but the landscape contains a rich mixture of C3, C4, and
CAM species. The hydrologic properties of the sandy soils on uplands allow for rapid
infiltration of precipitation, minimizing runoff, and providing adequate growing
conditions for the dominant tall grasses (Burzlaff 1962). Mid and short grasses can be
found in the understory of the tall grasses, but they can dominate the grass canopy in
areas that are not favorable for tall grasses. A variety of forbs are common but are
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secondary in terms of biomass production and cover. Shrubs are present but contribute
little to biomass production and cover except in localized areas (Tolstead 1942, Kaul
1998).
Topographic position on upland prairie plays a major role in species composition.
Certain species are found in the dry interdunal valleys while others are characteristic of
dune tops. This distribution can be linked to soil texture and subsurface moisture
availability (Barnes and Harrison 1982). Dry interdunal valleys have finer textured soils
with relatively high moisture content until mid-summer when the usable water has been
depleted by a dense stand of early-growing, shallow-rooted plants (e.g., B. gracilis,
Kentucky bluegrass (Poa pratensis L.) and Carex spp.) (Barnes and Harrison 1982,
Barnes et al. 1984). The dune slopes and tops generally have coarser textured soils. Plant
communities on dune tops and south-facing slopes tend to be dominated by tall C4
grasses; whereas, north facing slopes are more favorable to C3 grasses, forbs, and the
shrub leadplant (Amorpha canescens Pursh) as well as one C4 grass – S. scoparium
(Schacht et al. 2000).
Economic and Ecological Importance of Sandhills
The Sandhills are important to the state of Nebraska. They provide a number of
ecosystem services including carbon sequestration, groundwater recharge, and wildlife
habitat. More than a third of the world’s above- and below-ground C reserves are
contained in rangelands (grasslands, tundra, deserts, and shrublands), which occupy about
half of the world’s land area. The rate of soil C gain achieved by management of
grasslands is estimated at 100 to 300kg C ha-1year-1 (Schuman et al. 2002). In
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comparison, the C sequestration of croplands under conservation tillage ranges from 300
to 600 kg C ha-1 year-1 (Follett 2001).
Although precipitation is relatively low and evapotranspiration rates are high in
the Sandhills, the permeable soils minimize surface runoff and enhance the infiltration of
water into the High Plains Aquifer, which is thickest under the Sandhills. In interdunal
areas the water table is at or just below the surface, forming subirrigated meadows, lakes,
and marshes (Bleed 1998).
The Sandhills are home to a variety of grassland birds, including both upland and
wetland species. A number of mammals also can be found including mule deer and
white-tail deer (Odocoileus heminus and Odocoileus virginianus, respectively),
pronghorn antelope (Anilocapra americana), coyotes (Canis latrans), foxes (Vulpes
vulpes), badgers (Taxidea taxus), otters (Lontra canadensis), muskrats (Ondatra
zibethicus), and black-tailed and white-tailed-jackrabbits (Lepus californicus and Lepus
townsendii, respectively) (Freeman 1998).
In terms of economics, Nebraska depends on the Sandhills. The beef industry is
the state’s single largest industry and powers the economy with a $12 billion impact
annually (Cattlemen 2010). The Sandhills region is a vital part of this industry and is
home to the top three cow counties in the United States (Cattlemen 2010).
Role of Shrub Component
Plant Root Distribution and Water Availability
Shrubs have been extensively studied in several ecosystems, but research on
shrubs in the Sandhills is limited. The role of shrubs, including A. canescens, has been
studied in the neighboring tallgrass prairie (Nippert and Knapp 2007). Much of this
research has focused on the rooting characteristics and water uptake of the prairie grasses
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and shrubs. The C4 grasses of the tallgrass prairie concentrate their root biomass in the
shallow soil layers (0-10 cm), but their roots extend to depths >2 m (Albertson 1937).
Forbs and shrubs also concentrate roots in surface soil layers (0-30 cm) and have reduced
root density throughout the profile compared to grasses, but have a greater proportion of
roots at greater depths (up to 3 m) and greater root diameters than grasses (Albertson
1937, Weaver 1954b, Turner et al. 1995, Sun et al. 1997).
Compared to C3 grasses, C4 grasses generally have deeper root systems.
According to Coupland and Johnson (1965), K. macrantha, a C3 grass, has a superficial
root system with most roots in the top 30 cm, but some extend to 65 cm. Another C3
grass, H. comata, has a deeper rooting depth than K. macrantha, but is still considered a
shallow rooted species (Barnes and Harrison 1982). Hesperostipa comata has a
maximum rooting depth of 88 cm, with most roots in the upper 76 cm (Weaver 1919).
The C4 grasses A. hallii and C. longifolia have deeper rooting depths. Andropogon hallii
can root to depths 4 to 5 times deeper than K. macrantha and 3 times deeper than H.
comata (Weaver and Albertson 1956). Calamovilfa longifolia roots reach depths of up to
300 cm (Weaver 1919, Coupland and Johnson 1965).
Differences in the proportion of root biomass by depth may allow forbs and
woody species to use deeper soil water during dry periods and shallow soil water after
rain events (Boutton et al. 1999). Knapp (2007) studied the water use of three plant life
forms, C3 forbs and shrubs and C4 grasses, in Kansas tallgrass prairie. All three life forms
used surface soil water in similar proportions following major precipitation events
(Knapp 2007). As competition for water depletes moisture from a given portion of the
soil, species must either tolerate low availability or rely on unexploited regions of the soil
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(Grime 1994). Forbs and shrubs use proportionally more water from greater depths when
soil water becomes scarce, thereby avoiding direct competition with the C4 grasses, which
rely predominantly on surface soil water (Nippert and Knapp 2007).This suggests that the
potential for belowground competition for water between grassland species is highest
when water is most abundant as all species use the same water supply. Use of soil water
from different sources when water availability is limited may explain the stable
coexistence of grasses, forbs, and shrubs in the tallgrass prairie (Weaver and Fitzpatrick
1934, Tilman 1987, Eggemeyer et al. 2009).
Effect of Shrubs
Shrubs provide a number of ecosystem services. Their deep rooting pattern helps
stabilize the soil and prevent erosion. Infiltration is increased under shrubs (West 1989).
The canopy helps dissipate raindrop energy, and stem flow funnels precipitation to the
stem bases. Differences in height and density of shrubs can influence snow distribution,
in turn impacting soil moisture, temperature, and productivity. As litter accumulates
under shrub canopies, pools of minerals are created. Shrubs add diversity to vegetation
structure in terms of height and density. Bird species diversity is related to vegetation
structure, which impacts habitat, nesting sites, escape cover, and thermal protection.
Small mammals use shrubs for cover and food sources, and insect diversity is greater in
areas where shrubs are part of the plant community (West 1989).
Shrubs can be considered as competitors to herbaceous plant species in
grasslands, but they may also be viewed as elements increasing the diversity of plants,
insects, and birds (Pihlgren and Lennartsson 2008). Soil nutrients, including N, and
organic matter have been found to be consistently higher under trees and shrubs than in
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open spaces in arid and semi-arid environments throughout the world (Garcia-Moya and
McKell 1970, Pugnaire et al. 1996a), showing that edaphic conditions under the canopy
are strongly influenced by these plants. Complex interactions between shrubs and other
species may be common in these areas where shrubs act as a trap for resources, thereby
concentrating flora and fauna under their canopies (Vetaas 1992). These areas are known
as “fertile islands” and are points of high biological activity in heterogeneous landscapes
where facilitation has a significant role (Noy-Meir 1980). Growth of plants may be
enhanced by higher soil fertility, micro-climate amelioration and higher water availability
under the canopy (Moro et al. 1997).
The leguminous shrub Retama sphaerocarpa (L.) Boiss. of southeastern Spain
and its understory of annual and perennial vegetation is one such example of a fertile
island. The interaction between R. sphaerocarpa and plants in the understory seems to be
a mutualistic relationship (Pugnaire et al. 1996a, Pugnaire et al. 1996b). Moro et al.
(1997) hypothesized that the leguminous shrub most likely increased soil fertility,
buffered harsh climactic conditions, and improved the soil seed bank and germination.
Herbaceous species increased litter decomposition and increased nutrient retention while
protecting the soil from overheating. The shrub alone does not protect the soil from
overheating because it is leafless most of the year. In their study, they attempted to
determine the impact of the shrub on soil N, C, and temperature at different locations
under the canopy: 1) the center of the canopy near the base of the plant; 2) the outer edge
of the canopy; and 3) between the center and outer canopy. The inner positions had
significantly higher soil organic matter and total N than the outer position. However, the
potential mineralization of organic matter, expressed as C turnover rate and organic
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matter decomposed per kg of soil were significantly greater in the intermediate canopy
position than the inner and outer positions. Maximum soil surface temperature was 7 °C
lower under than canopy than at the edge of the canopy. This has an impact on
evapotranspiration and plant water status. Consequently, the canopy considerably
ameliorated climactic conditions, facilitating the establishment and growth of understory
plants.
Hydraulic lift has also been observed in shrubs. In this process, water from deeper
in the soil profile is released to the upper soil profile because of differences in soil and
root water potentials (Ψs and Ψr, respectively) (Richards and Caldwell 1987). During the
day, Ψs becomes more negative as plants transpire, but when the stomata close at night,
water efflux begins leading to less negative Ψs (Richards and Caldwell 1987).This
represents a flux of water that is much greater than can be supplied by regular water
movement in the soil (Richards and Caldwell 1987).
Water efflux may be seen as a negative process, but there are several features that
could be beneficial (Richards and Caldwell 1987). If soil moisture is only available a
plants deepest roots, the small number of roots at these depths might not be able to
support transpiration rates without hydraulic lift. The ability to store moisture in the
upper soil layers through hydraulic lift allows the plant to support transpiration during the
day. Absorbing and transporting water throughout the day and night offsets the
investment necessary to produce and maintain these deep roots (Richards and Caldwell
1987).
When transpiration is reduced (e.g., cloudy weather), nocturnal storage may be
greater than diurnal use of water (Richards and Caldwell 1987). Plants have more water
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available after cloudy days, even without precipitation, than after days of clear weather
(Richards and Caldwell 1987). Hydraulic lift can prolong activity of roots and associated
organisms during dry periods (Richards and Caldwell 1987), and the movement of water
between soil layers may increase the effectiveness of water uptake from the upper profile
and help explain the results of other experiments regarding competition for water
(Weaver and Fitzpatrick 1934, Tilman 1987, Grime 1994, Nippert and Knapp 2007).
Plant Functions and Differences between C3 and C4 Species
Gas exchange
A number of biological and environmental factors affect the CO2 gas exchange in
plants. Photosynthesis (as a photochemical process) is primarily dependent on the
availability of radiation. Biochemical processes of photosynthesis also are impacted by
the availability of CO2, temperature, and the supply of water and mineral nutrients. For
example, CO2 entry into the plant through stomata is mainly limited by the effects of a
lowered water potential. Stomata close in response to lowered water potential, thereby
reducing the amount of CO2 available for photosynthesis. Temperature affects the rates of
photosynthesis through its influence on processes like the speed of biochemical reactions,
rates of respiration, CO2 solubility and stomatal conductance (Larcher 2001).
Photosynthesis varies between plant functional groups. There are three major
photosynthetic pathways - C3 and C4 photosynthesis and crassulacean acid metabolism
(CAM). Although CAM species (Escobaria vivipara (Nutt.) Buxbaum, Opuntia fragilis
(Nutt.) Haw., Opuntia macrorhiza Engelm.) are present in the Sandhills, the region is
dominated by C3 and C4 plants. In areas like the Sandhills where there is coexistence of
the two photosynthetic types, there may be temporal separations which correspond to
climatic variables (Williams GJ III 1973, Ode et al. 1980). As a result of these differences
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during the growing season, C3 and C4 grasses have been recognized as cool-season and
warm-season types, respectively, in the range management literature (Barnes and
Harrison 1982). Forbs and shrubs in the area also have the C3 photosynthetic pathway.
In C3 photosynthesis, CO2 moves to the chloroplast and undergoes carboxylation
driven by the enzyme Rubisco. This results in a six-carbon molecule that immediately
breaks down into two molecules containing three carbon atoms each, which is why it is
referred to as the C3 photosynthetic pathway (Larcher 2001).
The C4 pathway uses the enzyme phosphoenolpyruvate (PEP) carboxylase for the
primary fixation of CO2. The fixed carbon travels through a series of 4-carbon
dicarboxylic acids – oxaloacetate and either malate or aspartate. The CO2 is eventually
released and re-fixed by Rubisco in bundle sheath cells. Plants having this pathway are
usually anatomically distinct as well, possessing ‘Kranz’ anatomy, with bundle sheath
cells surrounding the vascular bundles. The chloroplasts are concentrated in a ring of
mesophyll cells that radiate out from the sheath and in the sheath itself. In these bundle
sheath cells, dicarboxylic acids liberate CO2 to be re-fixed by Rubisco (Fitter and Hay
2002).
One major difference between the two pathways is photorespiration, which occurs
in C3 photosynthesis. Rubisco can accept either CO2 or O2, and in the case of
photorespiration, O2 is accepted and CO2 is released. The C3 plants lose 20-50% of
photosynthetically acquired CO2 to photorespiration under ambient conditions. The C4
plants are able to contain the release of CO2 to the bundle sheath cells where it can be
refixed in mesophyll cells, inhibiting photorespiration. This ability to trap CO2 prevents
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losses caused by photorespiration and permits higher dry matter production (Larcher
2001).
Response of C3 and C4 Species to Environmental Conditions
Water stress affects many plant processes (Hsiao 1973), though one of the most
recognizable and earliest responses is the closure of stomata (Slayter 1967). Stomatal
closure allows for the reduction of water loss through transpiration, but also reduces
photosynthesis because CO2 is unable to enter the plant. The C3 and C4 pathways respond
differently to the decline of CO2 in the leaves. At low CO2 levels (<10 µl l-1), C4 species
are still able to carry on photosynthesis due to the lack of photorespiration, while C3
species require 30-50 µl l-1(Larcher 2001).
Response of plants to the reduction of CO2 in the leaf is important because the
accumulation of carbon through photosynthesis is critical to survival, growth, and
reproduction (Mooney 1972). Other factors, such as temperature and light important as
well. The optimum temperature of net photosynthesis in C3 species is 20-30 °C (Larcher
2001). At temperatures greater than this, photorespiration and mitochondrial respiration
increase and diminish the net gain from photosynthesis. Optimum temperature for C4
species ranges from 30-40 °C depending on the species (Larcher 2001).
The CO2 uptake of leaves initially increases with increasing radiation. The light
compensation point is reached when gross photosynthesis is equal to the release of CO2
through respiration and net photosynthesis is zero. At higher levels of radiation, the yield
of photosynthesis increases (i.e., net photosynthesis > 0) with the increase in light
intensity (light limited) until a point where further increase in light results in little change
in photosynthesis, at which point photosynthesis becomes light saturated (carboxylation
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limited) (Larcher 2001). For C3 species, this occurs at intermediate light levels < 1500
µmol photons m-2 s-1, while C4 species in many cases do not reach a point of light
saturation (Larcher 2001). Ecologically, the C4 pathway appears advantageous in
environments with high light intensity, high temperature, and limited water supply
(Bjorkman 1975). At low temperatures and under shade conditions, C3 grass canopies are
superior because less energy is required to assimilate one molecule of CO2 in C3 plants
compared to C4 plants (Ehleringer 1978).
Although very important, the ecological significance of different water use
efficiencies (WUE) by species utilizing the two photosynthetic systems in mixed and
semi-arid grasslands (such as the Sandhills) has been poorly investigated. WUE, or the
amount of carbon (or dry weight) gained per unit of water used, is generally accepted to
be greater in C4 grasses than in C3 grasses (Shantz HL 1927, Downes 1969, Ludlow
1976). The higher (WUE) generally have been attributed to their higher photosynthetic
rates and, in many cases, lower transpiration rates, as well as photorespiration prevention
(Ludlow 1976). This higher WUE of C4 grasses is of considerable ecological
significance. Conservative use of water by reduction in stomatal opening could enable the
plant to survive periods when water is limiting while significant photosynthetic activity
could still be maintained.
The analysis of carbon isotopes abundance in tissues can be used to examine plant
water relations. When plants close their stomata, the ratio of internal to ambient (Ci/Ca)
CO2 is reduced. Under these conditions, there is discrimination against 13C during
photosynthesis. Because Rubisco in C3 plants discriminates against 13C, plant tissue of C4
species becomes more enriched (less negative 13C values) than that of C3 species (more
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negative 13C values) (Farquhar et al. 1989). Plants using plentiful, reliable water sources
(e.g., groundwater) should only exhibit slight changes in isotope ratios during the
growing season, while those using less reliable water sources (e.g., soil water in upper
layers), or undergoing water stress, are likely to show an enrichment in 13C as dry
conditions progress (Smedley et al. 1991).
Barnes and Harrison (1982) reported that C3 grasses in the Nebraska Sandhills
have distinctly higher maximum leaf conductance and hence higher transpiration rates
than the C4 grasses when water in the rooting zone is abundant. These species are
opportunistic in their use of water. Leaf conductance is highest during the spring and
after large or numerous summer rainstorms. On a day-to-day basis, the C3 species show
high leaf conductance in the morning when temperatures are cooler and water potentials
are the least negative. As temperatures rise in the afternoon, water potentials decrease and
the plants partially or completely close their stomata. Because of their high transpiration
rates, the C3 species rapidly exhaust soil moisture, which would otherwise be available to
plants.
The C4 grasses were found to be more conservative with water when compared to
C3 grasses because of their ability to more effectively control gas exchange processes by
opening or closing stomata (Barnes and Harrison 1982). This stomatal activity, along
with their deep rooting morphology, keeps the leaf water potential of these species at
significantly less negative levels than those of the C3 species. This allows efficient
photosynthesis to occur under conditions suitable for high rates of CO2 uptake and
greater WUE. Barnes and Harrison (1982) concluded that sandy substrates of the
Sandhills allow for greater WUE in C4 grasses because sufficient water is available to
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maintain active gas exchange processes under conditions favorable to C4 photosynthesis.
Therefore, competition for soil water with below-ground partitioning of spatially and
temporally varying water appears to be an important ecological factor behind the
coexistence of C3, C4, and CAM species in the Sandhills.
Materials and Methods
Site Description and Species Selection
The study was conducted 11 km northeast of Whitman, NE (42°04’N, 101°25’W)
at the Gudmundsen Sandhills Laboratory (GSL), University of Nebraska-Lincoln.
Average annual precipitation for the area is 453 mm, 75% of which falls during the
growing season from May through September. The average minimum temperature of 6°C occurs in January and the average maximum temperature in July is 30 °C.
Soils are Valentine fine sands (mixed mesic Typic Ustipsamment). Vegetation on
site is dominated by a mixture of C3 and C4 grasses, with forbs and shrubs also present.
Common C3 grass species on site included needleandthread (Hesperostipa comata (Trin.
& Rupr.) Barkworth), prairie junegrass (Koeleria macrantha (Ledeb.) Schult.), and
Scribner’s panicum (Dichanthelium oligosanthes (Schult.) Gould var. scribnerianum
(Nash) Gould). Common C4 species included prairie sandreed (Calamovilfa longifolia
(Hook.) Scribn.), sand bluestem (Andropogon hallii Hack.), switchgrass (Panicum
virgatum L.), and little bluestem (Schizachyrium scoparium (Michx.) Nash). Forbs such
as western ragweed (Ambrosia psilostachya DC.) and stiff sunflower (Helianthus
pauciflorus Nutt.) and the leguminous shrub leadplant (Amorpha canescens Pursh) were
also present.
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Two 30m x 30m adjacent sites were established in a pasture that was grazed only
during the dormant season (October through March). One site, referred to as the G-L
site, was comprised of 33% A. canescens canopy cover [estimated using the line intercept
method; Canfield (1941)]. The other site was void of A. canescens and was referred to as
the G-NL site. Both sites occupied the same topographical position on the landscape,
with similar slopes (~5-7%) and graminoid and forb species composition.
Six species were chosen for this study. All species are common throughout the
Sandhills and are major contributors to aboveground net primary production in the
region. Two C3 grass species, H. comata and K. macrantha; two C4 species, A. hallii and
C. longifolia; one forb species, H. pauciflorus; and the leguminous shrub A. canescens
were selected. The G-L site contained all six species, while the G-NL site had only the
six herbaceous species, A. canescens was absent.
Measured Environmental Parameters
Micrometeorological data [i.e., precipitation (mm), maximum and minimum
daily temperatures (°C), and relative humidity (%)], were obtained from the High Plains
Regional Climate Center (University of Nebraska-Lincoln) weather station, located at
the GSL headquarters, about 2 km from the location of the study site.
Soil moisture sensors (ML2X, Time Domain Reflectometry technology, Dynamax
Inc., Houston, TX) were installed at 0.2, 0.4, and 1 m depth at the center of each site.
Measurements were taken every 5 minutes, averaged over 30 minutes and 24 hours, and
stored on a data logger (CR10X; Campbell Scientific Inc., Logan, UT).
Six soil cores were taken in each plot at the end of the growing season (September
9, 2010) and analyzed for nitrogen content (total N2, NO3-, and NH4+). Litter was cleared
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from the soil surface and a bucket auger was used to collect a soil core to 30 cm. Samples
were immediately bagged, placed in a cooler, and later frozen until analysis.
Vegetation Measurements, Biomass, and Cover
Ten, 0.25 m2 quadrats were clipped in each site in both mid-June and mid-August
to capture the peak standing crop of C3 and C4 grasses, respectively. All standing
vegetation rooted within a quadrat was clipped to ground level and current-year growth
was sorted by species and placed in individual paper sacks. Sorting this way revealed the
total number of species present in each quadrat as well as the biomass of each species.
Standing dead and litter were also collected from each quadrat and placed in separate,
individually-marked sacks. All bags were dried and weighed. Before any vegetation was
clipped, cover was estimated by functional group (C3 grass, C4 bunchgrass, C4
rhizomatous grass, annual grass, perennial forb, annual forb, and shrub). Total cover
could exceed 100% due to the overlap of canopy layers and underlying bare ground and
litter. Amorpha canescens cover was estimated on September 9 in the G-L site using the
line-intercept method (Canfield, 1941). Eight, 10 m lines were laid out, and the length of
the lines covered by A. canescens was divided by the total length of the lines sampled.
Ecophysiological Parameters
Ecophysiological measurements were conducted on a biweekly basis between
June and September. On the day before measurements were taken, five locations within
each site were selected where individual plants of all species were within 1 m of each
other. Each of the plants was flagged to facilitate relocation the following day.
Measurements were taken over a 2-day period with similar weather conditions
except for the September date that was completed in 1 day, as K. macrantha and C.
longifolia had entered dormancy. Generally, half of the plants per species per site were
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measured on the first day of each sampling period, while the remaining plants were
measured on the second day.
Gas Exchange
Seasonal courses in gas exchange were followed with an infrared gas analyzer
mounted with an LED light source (LICOR-6400-02B; LICOR, Lincoln, NE).
Measurements were taken between 10:00 and 12:00 h on healthy, fully expanded leaves
at light saturation (Photosynthetic Active Radiation, PAR 1300 µmol m-2 s-1 for C3 and
1700 µmol m-2 s-1 for C4 species). Maximum net photosynthesis (A, µmol m-2 s-1),
stomatal conductance (gs, mol m-2 s1) and water use efficiency (WUE = net
photosynthesis / transpiration, µmol m-2 s-1 / mmol m-2 s-1) were determined.
Water Potential
Predawn (1-1.5 h before sunrise) and midday (after 13:00 h) water potential (Ψpre,
Ψmid MPa, respectively) measurements were measured with a pressure chamber (Model
1000, PMS Instruments, Albany, OR). A volume reducer was used to conserve gas. For
the grasses and H. pauciflorus, leaves were used to measure water potential, while the
stems containing leaves were used to measure A. canescens.
Specific Leaf Area, Leaf Nitrogen and Carbon Content, and Stable Isotopes
Several fully developed leaves were collected from 5 plants per species per site on
a monthly basis (between June and September) for the measurements of leaf
characteristics. Shortly following collection, area of each leaf was determined using an
LI-3000 (LICOR Inc., Lincoln, NE). Leaves were dried in an air oven at 65°C until
constant weight before being weighed. Leaf area and dry weight were used to calculate
specific leaf area (SLA cm2 g-1).
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Dried leaves of individual plants were then ground and the N (%), C (%), and
stable carbon isotope ratio (δ13C) were determined. The isotope ratio was expressed on a
per mil basis:
R 
δ13C (‰) = 
− 1 ∗ 1000
R  
where R is the absolute isotopic ratio and Rsample and Rstandard are the molar ratios of the
heavier to lighter isotope of the sample and standard, respectively. The standard for C is
the PeeDee Belemnite carbonate and atmospheric air, respectively (Sagers et al. 2000).
Statistical Analysis
Data were analyzed using the SAS statistical package (SAS Institute). Repeatedmeasures analyses, regressions, orthogonal contrasts, and multivariate analysis were used
to determine site effect and compare species responses. T-tests were used to determine
differences between sites for each measured parameter for each species within dates.
Results
Environmental Variables
Total precipitation received in 2010 was 440 mm, 5% above the 15-year average
(High Plains Regional Climate Center, University of Nebraska, HPRCC). Of the total,
71% (312 mm) fell during the study period (between June 3 and September 9, DOY 154
to 252) (Fig. 1). June and July precipitation (DOY 152 to 212) totaled 286 mm, 79%
above long-term average for these two months; whereas, August through the end of the
study period (DOY 213 to 252) received a total of 26 mm, 61% below long-term average
precipitation reported for the area.
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Volumetric soil water content (VSWC) averaged over the three measured depths
(0.2, 0.4, and 1.0 m) was greater on the G-L site (11.74%), than on the G-NL site (10.3%)
(Fig.1a.).Volumetric soil water content on both sites was highly variable at 0.2 m and to a
lesser extent at the 0.4 m depth, reflecting recent precipitation events. In contrast, VSWC
at the 1 m depth was less responsive to precipitation events, following the expected
seasonal trend of being high early in the growing season and declining as the season
progressed (Fig. 2). When contrasting the two sites (G-NL vs. G-L) for each soil depth,
results showed that VSWC was similar for the two sites at 0.2, but consistently lower at
0.4 and 1 m depths on G-NL compared to the G-L site (Fig. 2.).
Growing season air temperature (TA) was consistent with the 30-year average
(High Plains Regional Climate Center, University of Nebraska, HPRCC), with maximum
TA observed in August (> 35 °C, DOY 219). Minimum TA remained above 0 °C until
September 7 (DOY 250), two days before the end of the study period (Fig. 3a.). Vapor
pressure deficit (D) exhibited large seasonal fluctuations reflecting daily weather
conditions. Maximum day and minimum night D ranged from 0.01 to 3.5 kPa; and 0.01
to 1.5 kPa, respectively during the growing season (Fig. 3b.).
Soil NO3- and NH4+content were 7 and 2 fold greater on G-L compared to the GNL site, respectively. Total N content averaged 0.645 mg L-1 on the G-L site compared to
0.263 mg L-1 on the G-NL site, with NH4+ accounting for 81% and 93% of the total N
measured on the G-L and G-NL sites, respectively (Fig. 4).
Canopy Cover and Biomass
Canopy cover of C3 grasses and shrubs (mostly A. canescens) was significantly
greater (P < 0.05) on the G-L site than G-NL site in June and August (Fig. 5). Amorpha
canescens canopy covered 10% of the G-L site. Additionally, canopy cover of C3 grasses
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on the G-L site and shrubs on both sites showed little seasonal variability between June
and August; however, C3 grass cover declined significantly (P < 0.05) between June and
August on the G-NL site. C4 rhizomatous and bunch grasses had greater cover (P < 0.01)
on G-NL compared to G-L in August, but not in June. Annual grasses and annual forbs
accounted for minimal canopy cover in June (2.5% cover on the G-NL and 0.5% on the
G-L site) and were absent in August. Cover of perennial forbs was 10.8 and 5.6% in June
and 7.7 and 13.9% in August on G-NL and G-L sites, respectively.
Total plant biomass, standing dead and litter mass were greater (P < 0.01) on G-L
compared to G-NL (Fig.6). Perennial C3 and C4 grasses constituted the majority of total
plant biomass on G-L and G-NL sites in August (76 and 81%, respectively), with C3
grasses dominating the G-L site (P = 0.003, and representing 51% of total biomass) and
C4 representing 47% (P = 0.041) of the total biomass on G-NL. In August, forbs
accounted for 11 and 18% of the biomass on G-L and G-NL sites, respectively. Shrubs,
consisting predominately of A. canescens, averaged 13% of the plant biomass on the G-L
site and were non-existent on the G-NL site (Fig.6).
Gas Exchange
Repeated measures analysis of variance (Table 1) showed that differences in
observed rates of gas exchange, i.e., A, gs, E and WUE, were because of significant
differences among species. Site significant impact (i.e., site effect of G-L vs. G-NL) was
only observed in E (P = 0.0082), where rates in the six measured species were generally
greater on the G-NL than on the G-L site. Similar observations were reported for A and gs
rates, but differences were generally not statistically significant (Table 1, Fig. 7). Net
photosynthesis exhibited seasonal variability, increasing through the first part of the
growing-season and peaking by mid-summer for the six species. It peaked on DOY 195
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for A. canescens, C. longifolia, H. comata, and K. macrantha, on DOY 181 for A. hallii,
and DOY 212 for H. pauciflorus, before declining (Fig. 7). Helianthus pauciflorus had
the greatest average A rate, followed sequentially by C4 grasses, C3 grasses, and A.
canescens. No differences were found between the two C3 grasses (P = 0.1856) or C3 vs.
C4 grasses (P = 0.2949), but the two C4 grasses differed (P = 0.0072).
Transpiration (E) was greatest on July 30 (DOY 212) for A. canescens, C.
longifolia, H. comata, H. pauciflorus, and K. macrantha, while A. hallii E was greatest on
June 29 (DOY 181) (Fig 7). Helianthus pauciflorus exhibited the greatest average E,
followed by C4 grasses, A. canescens, and C3 grasses. Differences in E were found
between the two C3 (P = 0.0248) and the two C4 grasses (P = 0.0020), as well as the C3
compared to C4 grasses (P< 0.0001). Similar to E, gs was greatest on July 30 (DOY 212)
for C. longifolia, H. pauciflorus, and K. macrantha and on September 9 (DOY 252) for
A. canescens, A. hallii and H. comata. Average gs was greatest for H. pauciflorus,
followed by C3 grasses, A. canescens, and C4 grasses. Gs differed between C3 and C4
grasses, as well as between species within functional group (P ≤ 0.001 in all cases).
All species reached their greatest WUE on July 13 (DOY 195) (Fig 7).On
average, C4 grasses had the greatest WUE, followed by H. pauciflorus, A. canescens, and
C3 grasses. WUE differed between the two C3 and two C4 grasses, as well as C3 compared
to C4 grasses (P< 0.05 in all cases). Rates and seasonal variability of gs, E and WUE
reflected species differences as well as changes in environmental parameters (i.e., TA, D,
PAR), but they did not display any clear trend.
Water Potential and δ13C ratio
Predawn (Ψpre) and midday (Ψmid) water potentials differed significantly among
sampling dates and species (P< 0.01), but not between the G-L and G-NL sites (Table 1,
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Fig. 8). The Ψpre of H. comata showed a pronounced seasonal variability on both sites,
being more negative (low water potential) early and late in the growing season. Koeleria
macrantha and H. comata exhibited the lowest or most negative Ψpre and Ψmid regardless
of site. These species were followed sequentially by C. longifolia and A. hallii, A.
canescens, and H. pauciflorus. Calamovilfa longifolia and H. comata senesced prior to
the September 9 (DOY 252) sampling date (Fig. 8).
Analysis of variance (Table 1) showed that δ13C ratio differed among species (P<
0.001) and reflected differences in photosynthetic pathways (C3 vs. C4) of the different
functional groups. Differences in δ13C ratio among sampling dates (P= 0.0028) also
indicated seasonal variability in this parameter. This seasonal variability, however, was
more pronounced on the G-L site than the G-NL site and in the C3than C4 species (Fig.
8). There were no differences between the two C3 grass species or the two C4 grass
species.
Specific Leaf Area, and Leaf Nitrogen and Carbon Contents
In June, SLA was greatest for C3 grasses, H. pauciflorus, and A. canescens.
Andropogon hallii had the greatest SLA in July, while C. longifolia had the greatest SLA
in August (Fig. 9).The SLA of K. macrantha was greater than that of H. comata (P=
0.024), but the C4 species did not differ.
Leaf N content differed among dates, species, and sites (P< 0.005 in all cases)
with average leaf N of all species greater on the G-L site than the G-NL site (Fig.11).
Excluding A. canescens, average leaf N was 1.38% on the G-NL site and 1.5% on the GL site. There were no differences between the two C3 grass species or the two C4 grass
species.
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Leaf C content differed among dates (P < 0.0001), species (P = 0.0003), and site
within date (P< 0.0001) (Fig.10). In general, leaf C content peaked around June 29 (DOY
181) before declining throughout the remainder of the season. There were no differences
between the two C3 grass species or the two C4 grass species.
Photosynthetic nitrogen use efficiency (PNUE) expressed seasonal variability.
PNUE is a reflection of A/N, and because A was higher and N was slightly lower on the
G-NL site than the G-L site, PNUE was always greater on G-NL than the G-L site (13.3
compared to 11.3, respectively) (Fig. 7). There were no differences between the two C3
grass species or the two C4 grass species.
Principal Component Analysis
Results from principal component analysis (PCA) of 9 traits (Table 2, Fig. 12)
showed that the first three axes were the most biologically significant, explaining around
88.3% of the total variability (Table 2). Axis 1, the most important of all, accounted for
48.7% of the explained variability. Axis 1 differentiated the C3 grasses, H. pauciflorus,
and A. canescens from C4 grasses. These C3 species (including A. canescens and H.
pauciflorus) scored high on axis 1 and were characterized by high E, gs and A; whereas
C4 grass species scored lowest and had high WUE and δ13C. We observed little shift in
these traits (those that were important for axis 1) as a response to presence or absence of
A. canescens in the community.
Axis 2 accounted for 23.2% of the total variation. It separated the N fixing C3
shrub (A. canescens), which scored high on axis 2, particularly in its tissue N and C
contents and SLA, from the forbs and C4 grass species (Figs. 12 and 13). The rest of the
species scored high in their PNUE relative to A. canescens. Species in general showed a
small positive or no response to the presence of A. canescens and the resulting increase in
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soil fertility with the exception of C. longifolia, which showed a significant increase in
tissue N content and a decrease in PNUE on the G-L site (Fig. 12).
Axis 3 accounted for the least percentage of variability and was minor when
compared to axes 1 and 2, and did not add to the information acquired from the other
axes. Species that scored high on this axis had high SLA and A.
Discussion
The prevalence of C3 plants on the G-L site and dominance of C4 grasses on the
G-NL site was as expected. Other research in the Nebraska Sandhills (Schacht et al.
2000) has shown that C3 plants tend to be associated with A. canescens, especially on
north-facing slopes; whereas, C4 grasses is are more common in areas with low densities
of A. canescens. The presence of A. canescens on the G-L site appears to have created
conditions with better N and soil water content than the G-NL site, thereby affecting
botanical composition of the sites. The leguminous nature of A. canescens added to the
available soil N on the G-L site. Green and senesced leaves of A. canescens have high N
levels (Norris and Reich 2009), and decomposition of the leaves, as well as root turnover,
incorporates this N into the soil. These factors likely led to a soil N content on the G-L
site that was 2.5 times greater than that found on the G-NL site. The C3 grasses responded
to this increased N availability by dominating the G-L site in terms of biomass and
canopy cover in both June and August. Tilman (1987) observed the displacement of C4
grasses by C3 grasses with increased nutrient availability because C4 grasses were
adapted to low nutrient environments and unable to exploit available N as well as C3
grasses. As a result, biomass and cover of C4 grasses was less on the G-L site than the GNL site in August. Biomass and cover of C4 grasses in June did not differ between sites,
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as they were in an early growth stage and their presence was relatively low on both sites.
C3 grasses appear to be better able to exploit available nitrogen, and they emerge early in
the growing season when water is most available in the Sandhills (Kochsiek et al. 2006).
Although botanical composition differed between sites and soil water and N
contents were greater on the G-L site, ecophysiological traits of the herbaceous plants on
the two sites generally did not vary. Repeated-measures analyses showed no overall
differences in A between sites for the study period. Differences in A between sites for
individual species were expected particularly because of the greater soil N content on the
G-L site. Leaf nitrogen content (N) was greater on the G-L site than the G-NL site.
Greater photosynthetic rates are expected with an increase in N, as it leads to greater
amounts of Rubisco (Kochsiek et al. 2006). The increase in leaf N, however, did not lead
to an increase in A rates, confirming earlier observations that species adapted to low
nutrient environments are either characterized with high PNUE and take little advantage
of N addition to the system, or that the increase in leaf N content was not sufficient to
cause an increase in A (Kochsieck et al. 2006).
Helianthus pauciflorus had the greatest A rates of the species studied.
Photosynthetic rates were greater on the G-NL site for each of the C4 grasses for one of
the measurement dates (Fig 7.). The C4 grasses were expected to have greater A rates
than C3 grasses because of their ability to avoid photorespiration by concentrating CO2 at
the site of Rubisco in the bundle sheath cells (Fitter and Hay 2002), but differences
between functional groups were not observed. Consistent with other studies involving
woody species in prairies (McAllister et al. 1998), A. canescens exhibited the lowest
average A compared to grasses and H. pauciflorus.
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No differences in WUE between sites were found using repeated-measures
analysis, but species differed. T-tests indicated differences in WUE between C3 and C4
grasses. C4 species are able to maintain high A rates at lower gs, leading to increased
WUE compared to C3 species. The greater WUE led to increased tolerance of the lower
soil moisture levels on the G-NL site at the 0.4 and 1.0 m depths. Water use efficiency of
A. hallii was greater on the G-L site on DOY 212 and can be linked to the decreased E
rate observed on the G-L site.
Transpiration is expected to be greater in areas with higher soil water content
(Ryel et al. 2002). This was not the case in this study, as E only differed between sites for
H. pauciflorus and the C4 grasses, with higher rates in the G-NL than the G-L site. The
denser canopy structure of A. canescens compared to herbaceous species could impact
the microclimate for species growing near or amongst A. canescens (e.g., increased shade
or lower temperature) and result in lower E on the G-L site. All species experienced the
greatest E on DOY 212, which coincided with the lowest WUE for all species.
T-tests revealed Ψ differences between sites in four species. Helianthus
pauciflorus, A. hallii, and K. macrantha each had one instance when Ψ was lower (more
negative) on the G-NL site than the G-L site, while the Ψ of H. comata was more
negative on the G-L site. In general, C3 grasses had more negative Ψ than C4 grasses,
which is expected because of the lower WUE associated with C3 grasses (Ehleringer and
Monson 1993). Roots of perennial grasses reach depths greater than 1 m but they
concentrate the majority of their roots in the upper 30 cm of the soil profile (Albertson
1937, Weaver 1954b, Nippert and Knapp 2007). Differences between functional groups
have also been observed; for example, roots of C4 grasses have been found to extend
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deeper in the soil profile than C3 grasses (Barnes and Harrison 1982), possibly reducing
water stress. As soil moisture is depleted, shallow-rooted species experience water stress
before deep-rooted species, leading to more negative water potentials. Helianthus
pauciflorus had the greatest (least negative) water potential throughout the season. This,
as well as its ability to maintain a high A rate along with high gs and E rates, suggests that
H. pauciflorus, regardless of site, had steady access to soil moisture to prevent water
stress during the study period. The roots of H. pauciflorus have been reported to reach
depths of 2.1 m or greater (Weaver 1954a).
Seasonal differences in temperature impacted biomass and cover of C3 and C4
grasses. In ecosystems with marked seasonal temperature differences, C3 and C4 grasses
show a temporal separation in primary productivity (Ode et al. 1980). The optimum
temperature of net photosynthesis in C3 species is 20-30 °C (Larcher 2001). Cool
temperatures at the beginning of the growing season along with soil moisture favored C3
grasses, as was evidenced by the biomass and cover of C3 grasses on both sites. At
temperatures greater than this, photorespiration and mitochondrial respiration increase
and diminish the net gain from photosynthesis. On the other hand, optimum temperature
for C4 species ranges from 30-40 °C (Larcher 2001). Temperatures in this range were
very common after DOY 174, impacting C3 assimilation and growth rates, but having
little impact on C4 species, growth, cover and biomass.
Soil moisture was greater on the G-L site than on the G-NL site at 0.4 and 1.0 m
though both sites are located on the same north-facing slope within 50 m of each other.
No soil texture analyses were completed on the two sites, but soil texture and observed
organic matter differences between sites could impact the soil moisture. The increase in

30

organic matter on the G-L site could lead to better water holding capacity and reduce the
speed of water infiltration, resulting in improved soil moisture. Moreover, C3 grasses
dominated the G-L, while C4 species were more prevalent on the G-NL site.C3 species
rely more on shallow soil water, while C4 species can tap water sources from both
shallow (Eggemeyer et al. 2009) and deep strata of the profile (Barnes and Harrison
1982). These different water use patterns could explain the decrease in soil moisture at
the 0.4 and 1.0 m depths on the G-NL site. Soil water content is known to vary spatially
within a site. The differences in soil water content at the two sensor locations could be
the result of inherent spatial variability within a site as much as differences between areas
with and without A. canescens.
Carbon isotope composition can be a reliable indicator of water use efficiency and
status in plants (Eggemeyer et al. 2006). Carbon isotope ratios vary between functional
groups because of their photosynthetic pathways. Rubisco in C3 species discriminates
against 13C, leading to more negative (less enriched) δ13C values (West 1989). Species
differed in 13C as expected, and there were no differences within functional group.
Seasonal variability was indicated by differences between dates and is most likely a result
of differing plant water status throughout the season. No significant site impact was
found using repeated-measures analysis. Three individual differences between sites were
found using t-tests, and in the case of the C3 grasses, these differences are most likely
connected to Ψ. No consistent patterns of seasonal differences in Ψ were detected
between the two sites.
Principal component analysis took into account all the measured physiological
variables from throughout the season. Axes 1 and 2 were the most important, and the
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analysis reflected differences between functional groups based on the measured
parameters. Axis 1 separated species with high A, E, and gs from those with high WUE
and 13C, while axis 2 separated species with high N, C, and SLA from those with high
PNUE.
Amorpha canescens was separated from the other species because of its high N
content and low PNUE. Helianthus pauciflorus was separated from the grasses because
of its high gs, A, and E rates. C3 grasses were separated from C4 grasses because of their
lower WUE and greater E and gs. T-tests indicated differences in A between the C4
grasses, and this was reflected in the PCA. Andropogon hallii had greater A rates than C.
longifolia, while C. longifolia had a greater WUE. Differences between sites for C.
longifolia were evident in the PCA, with an increase in PNUE on the G-NL site. This
increase in PNUE of C. longifolia can be traced back to greater A rates on the G-NL
rather than increased leaf N.
Precipitation during our study period was above average. In 2010, precipitation
was 5% above average for the year and 15% above average during the growing season
(April – September). Relatively high soil moisture on the sites also reflected good
growing conditions. In times of drought, the impact of A. canescens may be more
evident in Ψ and gas exchange measurements, amplifying the differences between sites.
The presence of A. canescens likely caused a shift in botanical composition resulting in
more spatial and temporal heterogeneity on a landscape basis. The presence of l A.
canescens resulted in similar outcomes to those of other shrub studies, with increased
fertility, diversity, and water availability.
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Conclusion
No evidence was found linking A. canescens to improved growing conditions for
the dominant C4 grasses. The presence of A. canescens, however, appears to modify
growing conditions i.e., soil N and water content; whereby, the C4-grass dominated plant
community shifts to a mixture or C3-grass dominated community. The distribution and
density of A. canescens along with this shift in botanical composition appears to affect
both temporal and spatial heterogeneity of the Sandhills prairie. The dominant C3 grasses
associated with A. canescens grow early and late in the growing season, whereas species
associated with a C4 plant community grow in the middle of the growing season, leading
to temporal heterogeneity. Also, C4 and A. canescens communities develop and persist on
different areas of the landscape, increasing spatial heterogeneity. Amorpha canescens
appears to be a major driving force in creating conditions favorable for C3 species in a
grassland that is expected to be dominated by C4 grasses. Competition between shrubs
and grasses does not appear to be present on the study sites in a year of above average
precipitation. In fact, the presence of A. canescens improved growing conditions and
plant production. Amorpha canescens may not enhance the growth of what is considered
the dominant plant community, but it modifies growing conditions in patches so that
heterogeneity, as well as diversity, stability, and resilience, is increased on a landscape or
ecosystem basis.
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Figure 1. a) Seasonal dynamics in precipitation (mm) and average volumetric soil water
content (VSWC %) on grassland with Amorpha canescens (G-L) and without A.
canescens (G-NL) at the Gudmundsen Sandhills Laboratory from June 3 to September 9,
2010 (DOY 154 to 252). Sampling dates are indicated with an arrow. b) Precipitation
totals during the growing season (April through September) for the year 2010 compared
to the 15 year average at the University of Nebraska-Lincoln’s Gudmundsen Sandhills
Laboratory in the Nebraska Sandhills.
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Figure 2. Daily volumetric soil water content (VSWC %) at 0.2, 0.4, and 1.0 m depths on
grassland with Amorpha canescens (G-L) and without A. canescens (G-NL) at the
Gudmundsen Sandhills Laboratory from June 3 to September 9, 2010 (DOY 154 to 252).
No data was collected in the G-L sited at 1.0 m from June 3 through June 28 (DOY 154
to 179) because of sensor malfunction.
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Figure 3. Minimum and maximum a) air temperature (TA) and b) vapor pressure deficit
(D) for the University of Nebraska-Lincoln’s Gudmundsen Sandhills Laboratory during
the June 3 to September 9, 2010 study period (DOY 154 to 252).
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Figure 4. Soil ammonia (NH3+) and nitrate (NO3-) concentrations on grassland with
Amorpha canescens (G-L) and without A. canescens (G-NL) at the Gudmundsen
Sandhills Laboratory. Ammonia (P< 0.0001) and nitrate (P = 0.010) concentrations were
greater on the G-L site than the G-NL site. An asterisk indicates a significant difference
between nitrate and ammonia concentrations within sites.
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canescens (G-L) and without A. canescens (G-NL) at the Gudmundsen Sandhills
Laboratory on June 19 and August 12, 2010 (DOY 171 and 225, respectively). (Forb =
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Figure 6. Average above ground dry biomass of current year’s growth by functional
group on grassland without Amorpha canescens (G-NL) and grassland with A. canescens
(G-L) sites in the Nebraska Sandhills in June and August 2010. (C3G = C3 grass, C4G =
C4grass, Forb = forb, Shrub = shrub (predominantly A. canescens), AG = annual grass,
Live = total current year’s growth, Dead = standing dead material and plant litter). An
asterisk indicates a significant difference between sites within functional group (P <
0.05).

Figure 7. Gas exchange measurements on grassland with Amorpha canescens (G-L) and grassland without A. canescens
(G-NL) sites in the Nebraska Sandhills for grasses (Andropogon hallii, Calamovilfa longifolia, Hesperostipa comata, and
Koeleria macrantha), one forb (Helianthus pauciflorus), and one shrub (A. canescens) during the June 3 to September 9,
2010 (DOY 154 to 252) study period. A = photosynthesis, gs = stomatal conductance, E = transpiration, WUE = water
use efficiency, and PNUE = photosynthetic nitrogen use efficiency. An asterisk indicates a significant difference between
sites within species (P < 0.05).
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Figure 8. Predawn and midday water potential (Ψ) and carbon isotope ratios (δ13C) on
grassland with Amorpha canescens (G-L) and grassland without A. canescens (G-NL) at
the Gudmundsen Sandhills Laboratory for grasses (Andropogon hallii, Calamovilfa
longifolia, Hesperostipa comata, and Koeleria macrantha), one forb (Helianthus
pauciflorus), and one shrub (A. canescens) from June 3 to September 9, 2010 (DOY 154
to 252). An asterisk corresponding to the lines above it (water potential) or below it
(carbon isotope ratio) indicates a significant difference between sites within species (P <
0.05).
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(G-L) and grassland without A. canescens (G-NL) at the Gudmundsen Sandhills
Laboratory for grasses (Andropogon hallii, Calamovilfa longifolia, Hesperostipa comata,
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Figure 10. Leaf carbon content (C %) in grassland with Amorpha canescens (G-L) and
grassland without A. canescens (G-NL) at the Gudmundsen Sandhills Laboratory for
grasses (Andropogon hallii, Calamovilfa longifolia, Hesperostipa comata, and Koeleria
macrantha), one forb (Helianthus pauciflorus), and one shrub (A. canescens) during the
June 3 to September 9, 2010 (DOY 154 to 252) study period. An asterisk indicates a
significant difference between sites within species (P< 0.05).
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Figure 11. Leaf nitrogen content (N %) in grassland with Amorpha canescens (G-L)and
grassland without A. canescens (G-NL) at the Gudmundsen Sandhills Laboratory for
grasses (Andropogon hallii, Calamovilfa longifolia, Hesperostipa comata, and Koeleria
macrantha), one forb (Helianthus pauciflorus), and one shrub (A. canescens) during the
June 3 to September 9, 2010 (DOY 154 to 252) study period. An asterisk indicates a
significant difference between sites within species (P< 0.05).

254

3

244

0

234

0

224

0.5

214

0.5

204

1

194

1

184

N (%)

2

*

G-L
G-NL

H. pauciflorus

3

G-L
G-NL

H. comata

2.5

N (%)

2.5

2

234

N (%)

3

A. canescens

49
4
A. canescens
3
2

Axis 2

1

C. longifolia

A. hallii

0

H. pauciflorus
H. pauciflorus

A. hallii
H. comata
H. comata
K.K.macrantha
macrantha

-1
C. longifolia
-2
-3
-4

-4

-3

-2

-1

0
Axis 1

1

2

3

4

4
3
2

A. hallii
A. hallii

Axis 3

1

H. pauciflorus

C. longifolia

H. pauciflorus
H. comata
A. canescens
K. macrantha
K. macrantha
H. comata

0
-1
C. longifolia

-2
-3
-4

-4

-3

-2

-1

0
Axis 1

1

2

3

4
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Analysis for grassland with Amorpha canescens (G-L, indicated by the filled square
symbol) and grassland without A. canescens (G-NL, indicated by “+”) at the
Gudmundsen Sandhills Laboratory for grasses (Andropogon hallii, Calamovilfa
longifolia, Hesperostipa comata, and Koeleria macrantha), one forb (Helianthus
pauciflorus), and one shrub (A. canescens) from June 3 to September 9, 2010 (DOY 154
to 252).
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Figure 13. Relationship between a) photosynthesis (A) and stomatal conductance (gs),
b) photosynthesis (A) and specific leaf area (SLA), and c) SLA and leaf nitrogen content
(N) on grassland with Amorpha canescens (G-L, indicated by the filled square symbol)
and grassland without A. canescens (G-NL, indicated by “+”) at the Gudmundsen
Sandhills Laboratory for grasses (Andropogon hallii, Calamovilfa longifolia,
Hesperostipa comata, and Koeleria macrantha), one forb (Helianthus pauciflorus), and
one shrub (A. canescens) from June 3 to September 9, 2010 (DOY 154 to 252).
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Table 1. Repeated-measures analyses of seasonal courses in measured parameters on
grassland with Amorpha canescens (G-L) and grassland without A. canescens (G-NL) at
the Gudmundsen Sandhills Laboratory for grasses (Andropogon hallii, Calamovilfa
longifolia, Hesperostipa comata, and Koeleria macrantha), one forb (Helianthus
pauciflorus), and one shrub (A. canescens) from June 3 to September 9, 2010 (DOY 154
to 252). A = photosynthesis, gs = stomatal conductance, E = transpiration, WUE = water
use efficiency, Ψpre = predawn water potential, Ψmid = midday water potential, %N = leaf
carbon content, δ13C = carbon isotope discrimination, and %C = leaf carbon content.
Underlined, bolded values are statistically significant (P < 0.05).

G-L vs. G-NL site
All species except A. canescens between sites (Prob > F)
Source
Date
Species
Site
Date*Species
Date*Site
Species*Site
Date*Species*Site

A
0.0897
<.0001
0.0628
0.2433
0.4445
0.88
0.6884

gs
0.407
<.0001
0.0673
0.0488
0.1501
0.902
0.0986

E
0.0002
<.0001
0.0082
0.1608
0.5873
0.9969
0.624

WUE
0.2297
<.0001
0.4256
0.2085
0.5493
0.9775
0.9574

Ψpre
<.0001
<.0001
0.4608
0.6956
0.7081
0.8718
0.5395

Ψmid
0.003
<.0001
0.239
0.0548
0.7293
0.1544
0.5833

%N
<.0001
<.0001
0.0054
0.7744
0.4162
0.0015
0.0004

E
0.0005
<.0001
0.021

WUE
0.1183
<.0001
0.1195

Ψpre
<.0001
<.0001
0.2019

Ψmid
0.075
<.0001
0.1152

%N
<.0001
<.0001
0.0613

13

δ C
0.0028
<.0001
0.0775
0.0004
0.0876
0.0237
0.0182

%C
<.0001
0.0003
0.2144
0.3482
<.0001
0.9898
0.5137

Species within G-L site (Prob > F)
Source
Date
Species
Date*Species

A
0.4071
<.0001
0.9526

gs
0.4905
<.0001
<.0001

13

δ C
0.0209
<.0001
0.0024

%C
0.0064
0.0022
0.3009
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Table 2. Results from the Principal Component Analysis (PCA) for all measured traits on
grassland with Amorpha canescens (G-L) and grassland without A. canescens (G-NL) at
the Gudmundsen Sandhills Laboratory for grasses (Andropogon hallii, Calamovilfa
longifolia, Hesperostipa comata, and Koeleria macrantha), one forb (Helianthus
pauciflorus), and one shrub (A. canescens) from June 3 to September 9, 2010 (DOY 154
to 252). The total variability explained by the three axes is 88.3 % (Axis 1: 48.7 %, axis
2: 23.2 % and axis 3: 16.3 %).

Traits

Axis 1

Axis 2

Axis 3

Net photosynthesis (A)

0.359

-0.055

0.513

Stomatal conductance (gs)

0.468

0.037

0.020

Transpiration (E)

0.472

0.016

-0.013

Water use efficiency (WUE)

-0.386

-0.076

0.230

Photosynthetic nitrogen use efficiency
(PNUE)

0.0968

-0.549

0.392

Nitrogen content (N)

0.231

0.565

0.074

Carbon content (C)

-0.203

0.470

-0.057

Carbon isotope ratio (δ13C)

-0.420

0.012

0.352

Specific leaf area (SLA)

-0.029

0.384

0.630

